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(Presented on 29 August 1988) 
Multilayer mirrors have been designed, fabricated and tested for use as a wavelength-selective 
filter of ~ 100 e V for photo-CVD experiments at the beamline 12C of Photon Factory, KEK. 
Mo/Si and Rh/Si multilayers were selected in accordance with new simple optical criteria and 
fabricated on super-polished CVD-SiC substrates by means orion-beam sputtering. Both mirrors 
showed a reflectance of over 40% at around the designed angle of incidence of 45°. 
INTRODUCTION 
Multilayer mirrors have been developed as key components 
in various soft x-ray optics such as telescopes, microscopes, 
laser cavities, and lithography optics. 1-3 Besides the high re-
flectance function, the multilayer can be utilized as a wave-
length-selective filter by adjusting the angle of incidence.4 
One important application of such a multilayer filter can be 
found in a dispersive element in the beamline 12C of Photon 
Factory, KEK, where a strong photon flux is to be delivered 
to experiments of Photo CVD (chemical vapor deposition) 
of gas phase SiH4 molecules.
5 In the planning of the beam-
line 12C, we took part through designing, fabrication, and 
evaluation of the multilayer mirrors to be used as dispersive 
elements. The purpose of this article is to describe the pro-
cess of development of two multilayer mirrors, which are 
now in use at the beamline 12C. 
I. DESIGN PARAMETERS 
As recent studies6•7 revealed, the excitation and ioniza-
tion of inner shell electrons ofSi(2p,2s,ls) plays an impor-
tant role for photo CVD ofSiH4 . For practical studies with a 
SR source, the dispersive element has to be tuned to soft x 
rays at around the L-absorption edge of 8i ( 100 e V) and 
should deliver a strong enough photon flux for the CVD 
process. The experimental station on the beam line 12C is 
schematically shown in Fig. 1. The SR beam with a diver-
gence angle of 3 mrad in the horizontal direction is first de-
flected upward by 3.80 by a toroidal mirror and then reflect-
ed downward by the multilayer mirror by ~90° to the 
experimental station. These optics focus the filtered SR onto 
a Si wafer placed in the photoreaction chamber. The photo-
reaction chamber can make a swing motion about the rota-
tion axis of the multilayer mirror through - 10° to accept the 
filtered SR. Selection of wavelength is thus achieved by {}-2{} 
rotation of the multilayer mirror and the chamber on a com-
mon horizontal axis. 
II. SELECTION CRITERIA 
With the parameters described above, we searched for 
best constituent materials of multilayers according to optical 
criteria developed with the help of the complex plane repre-
sentation of amplitude reflectance. g 
The amplitude reflectance Rm of the m-Iayer system 
shown in Fig. 2 can be calculated by recurrent execution of 
the following equation fromj = 1 to m, 
r} (1 - r;Rj I) + (Rj I - rj ) exp( - i8j ) 
R=~--~~------~----~~----~ 
} 1 - rjRj _ 1 + Yj(Rj _ 1 - r) exp( - ioj ) , 
j = 1,2," ',m, (1) 
(2) 
where 8j is the usual phase delay term by the return passage 
of the beam in thejth layer, while the Fresnel reflection coef-
ficient rj and the amplitude reflectance R j _ I of the (j - 1)-
layer system are defined with respect to the vacuum. The 
Fresnel reflection coefficient rj is thus represented only by 
the angle of incidence cp and the complex refractive index N; 
of the jth material for the p component as 
rj = (Nj cos cp - cos (h )/(Nj cos cp + cos CPj) (3) 
and for the s component as 
rj = (cos cp - Nj cos CPj)/(cos if> + Nj cos CPj) . (4) 
Equation ( 1) originating from Berning9 gives the ampli-
tude reflectance in the layer-by-layer fashion as the multi-
layer grows. This "built-in feature" was found extremely 
useful in developing a layer-by-Iayer design with the help of 









FIG. 1. Schematic view of the new station for photoreaction experiments at 
bcamline 12C, Photon Factory KEK. The photoreaction chamber can be 
swung to accept filtered SR reflected at the multilayer mirror. Selection of 
wavelength is achieved by 8-20 rotations of the mirror and the chamber. 
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FIG. 2. Optical scheme of a multilayer system, Fresnel coefficients rj's and 
amplitude reflectances Rj's are all defined with respect to VACUUM. 
plane representation of amplitude reflectance of an opti~ 
mized Au/C multilayer is shown in Fig. 3. 
Optical constants (n,k) used for calculation at the 
wavelength of 200 A were (0.947 and 0.08) for a glass sub-
strate, (0.833 and 0.211) for Au layers, and (0.943 and 
0.024) for C layers. At the beginning of the nrst layer depo-
sition, the amplitude reflectance is equal to the Fresnel re-
flection coefficient of the substrate shown as a point denoted 
as rBK7 • As the deposition proceeds, the amplitude reflec-
tance changes along the solid curve to the point R l' at which 
the curve for the first Au layer is connected smoothly to the 
curve of the next C layer. Then the C curve is connected 
smoothly to the next Au curve at R2 and so on. It can be 
shown 10 that by switching materials at the thicknesses giving 
smooth connection of the curves, one can get the optimum 
thickness structure for the most constructive interference of 
a given combination of materials at a given angle of inci-
dence and wavelength. By inspecting this optimum curve 
with respect to the position of Fresnel coefficient plots, we 
can extract basic characteristics of the constructive interfer-
ences of absorbing multilayers. 
Since jrjRj I and IrjRj 11 are much smaller than unity 
for soft x rays, Eq. (1) ca.n be approximated as 
-0.3-' 
FIG. 3. Amplitude reflectance change as the deposition of optimum Aule 
seven layers plotted in the complex plane. Solid circles show points of opti-
mum switching of materials. 
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[ ( 4rrbd)] = (R j _ 1 -rj ) exp -f 
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Nj cos ¢>j = Gj _. ibj , bj,>O. (6) 
Equation (5) shows that the radial vector Rj - rj in the 
complex plane rotates about the point rj with a damping 
factor of exp ( - 41Thj dj I A) as the deposition proceeds. The 
situation is depicted in Fig. 3 together with a non damping 
case shown by the broken circle. By considering conditions 
for a larger radius and a smaner damping, we arrive at the 
conclusion that the amplitUde reflectance curve expands ef-
ficiently if the Fresnel reflection coefficients oftwo materials 
are far apart from each other in the complex plane and lie 
closer to the real axis. This interpretation ofEq, (5) provides 
the basis for the proper choice of a material pair with a 
graphical representation of Fresnel reflection coefficients of 
materials. 
Figure 4 shows the complex plane plot of Fresnel reflec-
tion coefficients for 124 A oflight calculated for an angle of 
incidence of 45°, Optical constants were calculated from the 
data of atomic scattering factors after Henke et ai. II In refer-
ring to this figure, we selected two groups of materials suit-
able to form a pair for higher refiectance, namely, Rh, Ru, 
and Mo as material A, and Si as material B. 
In. SINGLE~lA YER TEST AND OPTICAL 
CONSTANTS 
For selected materials, thin films were deposited on 
BK 7 glass substrate by ion beam sputtering of ECR (elec-
tron cyclotron resonance) type. In the sputtering system 
(Elionix, ISM-S), 12 argon ions produced in the electron cy-
clotron resonance gun chamber are accelerated by a grid 
system and form a uniform ion shower of 100 mm in diame-
ter. The maximum acceleration voltage and current density 
are 2 kV and 1 mA/cm2, respectively. The ion shower sput-
ters one of the three targets mounted on a water-cooled 
prism-shaped holder. A substrate is placed in the sample 
chamber at a distance of 32 cm from the target. Although 
deposition rates are very low (-1 A/min), the system has 
the advantage over other sputtering systems, since the sam-
ple chamber is well isolated from the gun housing and is kept 
at a pressure of - 3 X 10-4 Torr. The deposition system is 
equipped with an in situ eHipsometric monitor capable of 
highly accurate sensing of structural changes in the growth 
of ultrathin metal layers from the island structure to a con-
tinuous one. U For the continuous and homogeneous layers, 
in addition to the sensing of homogeneity through stability 
of refractive indices, thickness can be obtained with an accu-
racy of 0.01 nm through the analysis of a parallel~faced sin-
gle-layer model. 14 Most metal layers deposited by our sys~ 
tern are found to be in a continuous stage above - 30 A. 
Thin film samples of these materials were made to a few 
hundreds of A thick, which is necessary to have the sufficient 
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FIG. 4. Fresnel coefficients of various materials at 45· incidence plotted in the complex plane, showing best choice of material combinations with new simple 
optical criteria. Optical constants of 100 eV were taken from Ref. II. Solid circles show data calculated by optical constants measured by our group. 
number of interference peaks in the reflectance versus angle 
of incidence curves and thus to have sufficient accuracy for 
the thickness in the analysis of optical constants. For the thin 
film samples, reftectances of soft x rays were measured at 
various angles of incidence and various photon energies to 
obtain optical constants for accurate designing. The method 
of reflectance measurements with a high precision reflecto-
meter15 with a SR source at BL-I1A of PF, KEK and the 
method of analysis of the optical constants with a model of a 
single layer having a rough interface and surface are de-
scribed in another report in this volume. 16 
Optical constants (n,k) obtained at the wavelength of 
124 A are (0.9516 and 0.00301) for Mo, (0.9108 and 
0.0129) for Rh, (0.9985 and 0.000 433) for Si, and (0.993 
and 0,004 09) for CVD-SiC. Whereas those used in the pre-
vious section are (0.9319 and 0.008 87) forMo, (0,9070 and 
0.006 64) for Rh, and (1.0319 and 0,00 1 55) for Si. Fresnel 
coefficients derived from the measured optical constants are 
plotted with solid circles in Fig, 4. The distance between the 
Fresnel coefficient points of Me and Si plotted in the com-
plex plane is larger than that between points of Rh and Si. 
However, the point for Me is closer to the real axis than that 
for Rh since the absorption coefficient of Mo is substantially 
smaller. It is expected that the increase in reflectance with 
the number oflayers is faster for Rh/Si, but saturates earlier 
because of the absorption. 
With the optical constants of our samples, we designed 
Mo/Si and Rh/Si multilayers, both on CVD-SiC substrates. 
Calculated reflectances for optimum aperiodic multilayers 
2012 Rev. Sci. Instrum., Vol. 60, No.7, July 1989 
reach 83 % for Mo/Si and 81 % for Rh/Si at 90 layers, and 
up to 45 layers Rh/Si show a higher reflectance as expected. 
In referring to the reflectance increase and considering that a 
periodic structure is suitable for later analysis after reflec-
tance measurements, we selected 27 layer Mo( 43.1 .A..)/ 
Si(50.8 A) and 21 layer Rh(39.5 A)lSi(54.0 A) periodic 
structures, whose reflectances are estimated to be 53% and 
59%, respectively. 
IV. FABRICATION 
As a substrate having a higher threshold of damage by 
intense irradiation ofSR, SiC fabricated by CVD on sintered 
SiC (Ref. 17) was used. Three super-polished substrates of 
30X 30 mm2 wide and 10 mm thick were supplied. The sur-
face roughness of the substrates was measured by an optical 
profiler (WYKO Co. Ltd., TOPO-2D) having 1 A resolu-
tion. With an objective of 40 X, interference fringes of a sur-
face area of 0.333 mm XO.327 p..m are projected onto a linear 
diode array. The rms roughness and peak to valley rough-
ness were found to be -2 and 12 A, respectively. The two 
best samples were used as substrates. 
Multilayers were deposited by the ion beams sputtering 
system described in Sec. III. The ECR-type sputtering sys-
tem was maintained with its plasma condition stable by a gas 
flow controller (TYLAN, FC-260), which keeps the CUf-
rent density of the plasma constant for many hours with a 
fluctuation of 1 %. The deposition rate of each run was mea-
VUV and x-ray optics 2012 
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sured for the first layer by an ellipsometric monitor. The 
thicknesses of further layers were controlled by the depo-
sition period, assuming a constant rate of deposition. 
It has been already demonstrated that the ellipsometer 
has Ii sufficiently high sensitivity in in situ monitoring of 
multilayer deposition. 13 Unfortunately, because of our limit-
ed knowledge on the interface, it is currently impractical to 
employ a real-time data acquisition and analysis in control-
ling the thicknesses of the further layers. In fact for most 
multilayers, the interfaces are not as perfect as expected and 
in situ ellipsometry gives a corresponding response like a 
bimetallic compound formation at the boundary and an in-
terface diffusion. 
With the WYKO surface profiler inspection, no signifi-
cant change in roughness by the deposition of multilayers 
was observed. 
v. EVALUATION 
Soft x-ray reflectances of multilayer mirrors were mea-
sured with the same refiectometer l5 at the beamline itA PF 
KEK equipped with a grasshopper monochromator. Since 
some description of the experiment and measured spectra 
can be found in another publication,12 the main feature is 
described here. For a Mo/Si multilayer, a peak-reflectance 
of 43% was obtained for light of 100 eV at ~49° angle of 
incidence with a resolving power of -13. For a Rh/Si multi-
layer, the highest reflectance comparable to the Mo/Si mul-
tilayer was obtained by only 21 layers, although the peak 
refiectance decreases rapidly at the lower energy side as the 
angle of incidence decreases. This is caused by the absorp-
tion increase in Rh layers at the lower energy side. The same 
situation is encountered above the L absorption edge (100 
eV) of SL For both multilayers, the reflectance decreases 
drastically because of the dominant absorption in Si layers. 
It is also found that the peak wavelengths vary almost linear-
ly with the cosine of the angle of incidence except for the 
region of Si L-edge. These suggest that the multilayer filters 
fabricated are quite efficient as the dispersive element for 
photo-CVD experiments. 
After the reflectance measurement, the multilayers 
were installed in the beamline 12C for a direct evaluation 
with respect to the radiation durability to the strong undis-
persed SR for a reasonably long time. 5 The multilayer reflec-
tion filters were mounted and irradiated by undispersed SR 
at 45° angle ofincidence for 26 h with an average ring current 
of 175 rnA. The spot size on the filter was - 5 X 5 mm2• The 
temperature of the filter was measured by a thermocouple 
pasted on the surface of the filter, and was found to be about 
100°C after reaching an equilibrium. No cooling system was 
employed. The intensity of the light reflected from the filter 
2013 Rev. Sci.lnstrum., Vol. 60, No.7, July 1989 
was estimated to be 1014_10 15 photons/s from a measure-
ment of photoelectrons emitted by a gold mesh placed in the 
reflected beam by lL.'lsuming the photoelectron yield of gold 
to be 0.1.5 
Visual examination of the Mo/Si filter after extended 
irradiation of SR showed a slight surface shade. The reflec-
tance of the filter was then measured again with the reflecto-
meter and was found to he 28%, which was ~ 70% of the 
reflectance measured before being irradiated by SR. It was 
also found by inspection of the reflectance spectra around 
the K absorption edge of C in and out of the surface shade 
that a carbon layer exists at the surface of the shade. This 
suggests that the attenuation in measured reflectance should 
be explained in some part by the surface contamination of C 
deposition. No deterioration was observed in surface rough-
ness term by measurements of the WYKO profiler. 
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